Background: Estimating the magnitude and intensity of landslides is a fundamental requirement in quantitatively evaluating the risks involved, and preparing a mitigation strategy. Though the physics-based dynamic model of landslide can predict the travel distance, kinematic velocity, and hazard zone, the effects of erosion and the excess pore water pressure during the dynamic process of landslide are often ignored. Results: In order to study these factors, a physics-based dynamic model of landslide considering erosion and excess pore water pressure is presented in this paper. A high-precision numerical method based on the finite volume method is proposed to solve the model equations. Several numerical tests are performed to verify the numerical method and the model. The effects of erosion and excess pore water pressure on the dynamic process of landslide are also analyzed. Conclusions: The numerical results indicate that the scale and mobility of a landslide are influenced by the effect of erosion and excess pore water pressure. The excess pore water pressure can reduce the resistance to shear stress from the erodible bed and lead to a higher erosion amount and longer moving distance of the landslide. It also affects the degree of erosion and further affects the dynamic process of the landslide. The sensitivity analysis of the parameters that influence excess pore water pressure indicate that these parameters have a significant impact on the evolution of excess pore water pressure, and that the degree of saturation of bed sediment has the highest influence on excess pore water pressure.
Background
Landslides are a natural phenomenon that can strike human settlements in mountainous regions resulting in serious consequences, including untold number of deaths and injuries and massive economic losses (Wang and Sassa 2010; Luna and Remaitre 2012) . Because of the huge destructive power of landslides, understanding how to prevent them is becoming more and more important for hazard evaluation, risk assessment, and the preparation of mitigation measures (Savage and Hutter 1989; Chen and Lee 2000; Iverson and Denlinger 2001; Hungr et al. 2005; Pudasaini and Hutter 2007) . Predicting the maximum extension and velocity of landslide is one of the ultimate goals.
In recent years, several physics-based dynamic models for landslides have been developed based on the constitutive law of fluid mechanics (Pitman et al. 2003; Hungr 2004, 2005; Goren and Aharonov 2007; Goren and Aharonov 2009; George and Iverson 2011; Luna and Remaitre 2012) . Most of them assume a constant landslide volume for the duration of motion, neglecting the important role of entrainment found along the landslide path. However, landslide paths are typically covered by surficial deposits such as colluvium, residual soil, and organics (McDougall and Hungr 2005) . These deposits may be loose and have high water content, and may be mobilized by the rapid loading of the moving landslide. The phenomena of entrainment is frequently observed on landslides in fields, and the deposited materials may accumulate several times in volume with respect to the initially mobilized mass (Vandine and Bovis 2002) . Erosion action not only increases the volume of landslide, but also enhances the landslide mobility significantly, including the travel distance and area covered by the landslide hazard (Crosta et al. 2003; McDougall and Hungr 2005; Iverson 2012) . Therefore, it is important for the landslide dynamic model to consider the entrainment effect. In addition, pore water pressure changes caused by the failure of path material can occur at the base of a rapid landslide. The pore water pressure also plays a crucial role in the dynamic process of landslide, because it counteracts the normal stresses at the grain contact, and thereby reduces inter-granular friction (George and Iverson 2011) . Generally speaking, the pore water pressure includes a hydrostatic component that balances the pore-fluid weight, and a non-hydrostatic or "excess" component (Iverson 2009 ). The excess pore water pressure at the base of the landslide may be produced by grain-crushing (Gerolymos and Gazetas 2007) , dilatancy (Savage and Iverson 2009 ), effective stress (Luna and Remaitre 2012) , and thermal pressurization (Vardoulakis 2000; Goren and Aharonov 2007; De Blasio and Elverhøi 2008; Goren and Aharonov 2009) .
In this study, considering the effects of entrainment and excess pore water pressure, a physics-based dynamic model for landslide is proposed in order to further study the dynamic mechanism of the landslide. For solving the model equations, a high-precision numerical method based on the finite volume method is also proposed. The paper is organized as follows: The twodimensional Savage-Hutter type model is presented in section 2. The entrainment model and the excess pore water pressure model are introduced in section 3 and 4, respectively. The full model is covered in section 5. The numerical method is presented in section 6, and a series of numerical tests are performed in section 7. Finally, section 8 summarizes the results with concluding remarks.
Model equations Two-dimensional Savage-Hutter type dynamic model
In this section, a model taking into account the effects of entrainment and excess pore water pressure is presented to describe the dynamic mechanism of landslides. The depth-averaged theory based on the assumptions of constant porosity and equal velocity is applied to the model equations (Gray 1999; Iverson and Denlinger 2001; Pudasaini et al. 2003; Savage and Iverson 2003; Pitman and Le 2005) . In the fixed Cartesian coordinate system O-xyz, where z denotes the normal direction, the model equations can be written as,
where h is the landslide height; u and v are the velocities in the x and y directions, respectively; g x , g y, and g z are components of gravitational acceleration in the x, y, and z directions, respectively; E represents the erosion; u(z b ) and v(z b ) are the velocities at the bottom of the landslide in the x and y directions, respectively; φ int is internal friction angle of the landslide; ρ = (1 − c)ρ f + cρ s is the density of the landslide, in which ρ f is fluid density, ρ s is solid density, and c is solid volume fraction; τ b represents the basal shear stress of the landslide; k ap is the lateral pressure coefficient, and can be described as
where φ bed is the bed friction angle; "-" and "+" correspond to the active state (∂u/∂x + ∂v/∂y ≥ 0) and passive state (∂u/∂x + ∂v/∂y ≤ 0), respectively. Eq. (1) represents the mass conservation for the landslide. Eqs. 
Entrainment model
The entrainment model equation plays a significant role in properly assessing the total entrainment volume of a landslide. In the past few years, many entrainment model equations have been proposed, and they have greatly improved our understanding (Pitman et al. 2003; Cao et al. 2004; McDougall and Hungr 2005; Agliardi et al. 2009; Hutter and Luca 2012; Iverson 2012) . Presently, there is an agreement among researchers that the pore pressure is an important factor that influences the entrainment dynamic process (Pitman and Le 2005; McDougall and Hungr 2005; Iverson 2012; Iverson and Ouyang 2014) . It is shown that the formula for entrainment rate must satisfy the boundary momentum jump condition (Iverson and Ouyang 2014) , and can be written as
where τ b is total basal traction from the landslide flow; τ s is the total resistance shear stress from the erodible surface; and the formula should also satisfy the Coulomb failure criterion. The quadratic velocity-dependent model proposed by Fraccarollo and Capart (2002) is applied to τ b , and is expressed as
where C f is a dimensionless coefficient which is typically less than 0.1. However, in order to avoid unusually lower basal traction when flow velocity is low, this formula is coupled with Coulomb failure criterion, and can be written as
where r = ρ f /ρ is density ratio; τ s can be expressed as
where φ sat is the friction angle of the saturation bed; P e is the excess pore water pressure generated by the moving mass flow on top of the bed deposits. However, it is found that, when the moving velocity approximates to zero, the entrainment rate approaches infinity. In order to prevent this, the entrainment rate formula is modified as
where ξ is a constant coefficient. The value of ξ is sensitive to the erosion rate. In order to obtain a reasonable value of ξ, the USGS experiment has been simulated. Simulation results indicate that the computed data agreed well with the experimental data by taking ξ = 0.06. The computed erosion rate (about 0.07~0.1 m 3 /s) is also consistent with the experiment range (about 0.05~0.1 m 3 /s). Hence, ξ = 0.06 is used as a reasonable parameter. At the speed of 10 m/s, e −ξ u 2 þv 2 ð Þ approaches 0, and Eq. (9) reduces to the original entrainment rate formula.
Excess pore water pressure model
Landslide paths are typically covered by surficial deposits which may be loose, and have high water content (McDougall and Hungr 2005) . Rapid loading by the weight of landslide may produce excess pore water pressure in the bed material. The excess pore water pressure is based on the Skempton formula and modified by Sassa (1985 Sassa ( , 1989 for undrained direct shear test. Assuming that the saturated soil at the base of a landslide is subjected to an undrained direct shear (Luna and Remaitre 2012) ,
where A D and B D are excess pore pressure parameters in the undrained direct shear state. A D changes with the strain value, and B D is affected by the loaded stress level, and is very sensitive to the degree of saturation (Luna and Remaitre 2012) . The normal stress and the shear strength caused by the landslide can be expressed as,
represents the component of gravitational acceleration along the tangential direction.
The full model equations
The complete set of dynamic model equations to simulate landslide over erodible surface are rewritten as follows:
The model equations (13)- (16) constitute a system of five equations with the variables h, u, v, and E for landslide, as well as for mobile surface of landslide path z. Together with the initial and boundary conditions, the system constitutes a well posed set of equations describing landslide flow over erodible surface.
Method
The model equations are hyperbolic, and based on mass and momentum conservation; these properties make finding solutions difficult, because they can generate discontinuous and numerical oscillations in finite time. Otherwise, the nonlinear characteristics of the equations also limit the applicable range of the analytical solutions. Therefore, the numerical method should be able to eliminate these effects. However, the exact solution of the Riemann problem is less efficient. In recent years, a number of approximate Riemann solvers have been developed to solve the Riemann problem in an efficient manner, including the method of characteristics (Katopodes and Strelko 1978; Iwasaki and Inutsuka 2011) , the finite difference method (Fennema and Chaudhry 1990; Jha et al. 1995; Ouyang et al. 2014) , and the finite volume method (Zoppou and Roberts 2000; Fraccarollo et al. 2003; Brufau et al. 2004; Gottardi and Venutelli 2004; Toro 2009; Fayssal and Moukalled 2012) . In this paper, the finite volume method and Roe's approximation scheme are used to solve the debris flow problem. In order to improve the feasibility of this model, we also used the fractional step method (Gottardi and Venutelli 2004; Liang et al. 2006) . For convenience, the model equations (13)- (16) can be written in vector format as given below:
in which,
Eq. (17) can be divided into two separate, onedimensional problems based on the operator-splitting technique as,
This solution can then be obtained by
where L x and L y represent the operators in the x and y directions, respectively (Liang et al. 2006; Ouyang et al. 2013 ). The fractional step method is used to improve calculation stability. Taking L x as an example, the discretization scheme is given by the following steps:
Step 1: Solve the homogeneous shallow water equations,
Its corresponding discretization form based on the finite volume method is written as,
where F n iþ1=2 and F n i-1=2 are numerical fluxes. In Roe's approximation, the nonlinear problem is linearized at the cell interface. At the cell interface, we have a discontinuity with state U L on the left side, and state U R on the right side. In addition, we couple the MUSCL approach with Roe scheme to reconstruct the interface data U L and U R for obtaining a high level of accuracy, and avoiding spurious oscillations (Liang et al. 2006; Ouyang et al. 2013 ). Hence, the numerical flux can be expressed as
where F L and F R are calculated from U L and U R , repetitively; J represents the Jacobian matrix of F. With Roe's approximation, Eq. (20) can be expressed as, where γ is the eigenvector of J; λ represents the corresponding eigenvalues. The symbol α represents the wave strength. All of them are evaluated at the average state h ag , u ag and c ag . The expreesion for h ag , u ag and c ag can be obtained from,
Step 2: Solve the source term, 
A semi-implicit scheme is used to discretize Eq. (22) as,
where U Ã i and S Ã i are obtained from Step 1. The stability criterion adopted here is expressed by,
where cfl is Courant number, and is less than 1; dx is distance from the centroid of the cell; and cm can be expressed as cm ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi k ap g z h p . A flow chart showing all the steps in this method is shown in Fig. 1 . L x and L y have the same treatment. Each operator is operated twice to obtain the solution at the next step. Each step uses the state of U obtained from the previous step.
Results and discussion
The purpose of this section is to analyse the numerical results of four tests in detail, and to show the effects of excess pore water pressure and erosion on the dynamic process of landslide. We assumed that the composition of the bed sediment is the same as that of the landslide, and that the eroded material and landslide can mix together rapidly. Hence, c is kept constant in the whole computation. The bottom velocities u(z b ) and v(z b ) are considered as one-tenth of the velocity of the landslide. Moreover, free boundary conditions are imposed on each side of the computational domain, and the Courant number is set as cfl = 0.7. The gravitational acceleration is g = 9.8 m/s 2 .
Test 1: Numerical comparisons with USGS flume experiments
To verify the ability of the current model to accurately portray landslide dynamics over erodible beds, a comparison Test 2: Simulation of the dynamic process of landslide over erodible bed
In this subsection, model equations are integrated for a simple flow configuration, in which a landslide is released from a triangular dam, and moves down an inclined channel (shown in Fig. 3) . Initially, the angles between the landslide and the channel are set as ψ L = 30°a nd ψ R = 60°, and the maximum height of the landslide is set at H max = 0.5 m. The channel is 10 m long, and the inclined component of channel (β = 30°) lies in the range x < 4 m; the horizontal component of channel lies in the range x > 5 m; a circular arc transition zone smoothly joins the two regions. The distance from the centroid of the cell is set as dx = 0.05 m. Values of the relevant parameters are listed in Table 1 . The pore pressure parameters used were A D = 0.6, and B D = 0.9. These values correspond to the bed sediment that has a high degree of saturation. Four specific moments of the simulation results, at t = 0.3 s, 0.7 s, 1.2 s, and 5 s are shown in Fig. 4 . As the landslide accelerates and spreads out rapidly in the downslope direction, the erosion gradually becomes significant. An interesting phenomenon that could be noticed is that the velocity of falling is higher at the corner. Due to the increasing frictional resistance when the landslide is passing around the corner into the ground, the front part of landslide enters the stage of accumulation, and the latter part of landslide is subjected to extra resistance from the former part.
The impact of erosion on the dynamic process of landslide was also investigated. We performed two numerical tests, with and without erosion, under the same conditions. In order to highlight the difference between the dynamic processes of the two numerical tests more clearly, the position of the front of the landslide as it descends on an incline, as well as the velocity and the maximum height during the run, are shown in Fig. 5 . The simulation results of the two numerical tests show some similar overall characteristics. The maximum velocity of the landslide with erosion is higher than that without erosion, and leads to a longer distance of movement, an increased front distance from the origin. It indicates that erosion can enhance the mobility of a landslide. The maximum landslide height with erosion is more than that without erosion, and the overall velocity decreases more gradually. Test 3: Analysis of the effect of excess pore water pressure
In this section, we investigate the effect of excess pore water pressure on the motion of the landslide, and the erosion process. The initial condition of the landslide and the channel are the same as in test 2. We define R, which represents the degree of erosion, as R = Et/Vol, where Et is the amount of erosion, and Vol is initial volume of landslide; and Vol = 0.29 m
3
. Different values of the coefficients B D and A D have been chosen, and are shown in Table 2 . The relationship between the evolution of maximum of excess pore water pressure and R is shown in Fig. 6 . Similar behaviours are exhibited during the slide process. It shows that the excess pore water pressure decreases at first because of the deformation of landslide and the decrease in height of the landslide. With the accumulation of landslide, the height of the landslide increases, and this leads to a rise in excess pore water pressure. With the higher values of A D and B D , the excess pore water pressure is rising faster, and this reduces the resistance to shear stress from the erodible bed, and leads to a higher erosion amount and longer moving distance of the landslide.
In order to further investigate the effect of excess pore water pressure on the erosion, sensitivity analysis was 
Test 4: Simulation of two-dimensional landslide over erodible bed
The model is applied to simulate the 2-D landslide dam over mobile bed to demonstrate its potential for simulating a practical case. A sketch showing the chute and landslide is shown in Fig. 8 . In this test, a simple reference surface is defined, which consists of an inclined plane (ѱ = 40°, x < 215 cm), a horizontal run-out zone (x > 255 cm), and a transition zone joining the two regions. Superimposed on the inclined section of the chute, is a shallow parabolic cross-slope topography (y 2 /2b with b = 110 cm). The granular material is released from rest on the parabolic inclined section of the chute by means of a Perspex cap that opens rapidly (t = 0 s). The cap is fitted to the basal chute topography and has a spherical free surface. The major axis of the cap is 32 cm in length, and the Fig. 8 Simple sketch of channel and landslide. The channel consists of an inclined plane (ѱ = 40°, x < 215 cm), a horizontal run-out zone (x > 255 cm) and a transition zone joining the two regions. Superimposed on the inclined section of the chute is a shallow parabolic cross-slope topography (y 2 /2b with b = 110 cm). The granular material is released from rest on the parabolic inclined section of the chute by means of a Perspex cap. The cap is fitted to the basal chute topography and has a spherical free surface. The major axis of the cap is 32 cm in length, and the maximum height of the cap above the reference surface is 22 cm Fig. 9 a The shape of landslide and (b) the eroded bed caused by landslide. The red lines at x = 2.15 m and x = 2.55 m indicate the position of the transition zone joining the two slope regions maximum height of the cap above the reference surface is 22 cm. The values of the parameters used are the same as in test 2. The motion status of the landslide and the eroded degree of bed at t = 1 s are shown in Fig. 9 . The red lines at x = 2.15 m and x = 2.55 m indicate the position of the transition zone joining the two slope regions. The landslide shape and the erosion degree are well captured. A slight jump of erosion occurs around 2.15 m due to the continuous erosion by latter part of the landslide in the accumulation process, and the degree of erosion. The numerical results are in agreement with the reality, and thus, the applicability of the present model is proved.
Conclusion
In this paper, a physics-based dynamic model based on Savage-Hutter theory for landslide has been presented. The effects of entrainment and excess pore water pressure on the dynamic process of landslide are considered. The entrainment rate model satisfying the boundary momentum conservation condition and the excess pore water pressure model based on the Skempton's equations have been introduced in the present model. A high-precision calculation method was proposed to solve the model equations. Finally, four numerical tests were performed to simulate landslide dynamics over erodible surface. The evolution of entrainment volume, velocity, travel distance, and excess pore water pressure of landslide, as well as hazard zone, can be predicted simultaneously. Numerical results indicate that erosion enhances the destructive power, and enlarged the hazard area of a landslide, and the evolution of excess pore water pressure of bed material causes a change in the erosion amount, further influencing the dynamic process of landslide. It is seen that the relevant parameters have a significant impact on the evolution of excess pore water pressure; however, the degree of saturation of bed sediment has the highest influence on excess pore water pressure. These findings are consistent with observable phenomena in natural landslide. However, more precise and complete experiments are needed to verify and improve the theoretical model to reflect the process of landslide more realistically.
